The persistent spin current in an anisotropic spin ring penetrated by a SU(2) flux is studied by the Schwinger-Boson mean-field approach. The anisotropy in spin coupling can facilitate the persistent spin current. Ground-state energy and excitation-energy gap are also studied. A peak of spin current occurs at the maximum value of the ground-state energy. r 2006 Published by Elsevier B.V.
Introduction
Quantum coherence plays a central role in mesoscopic physics and the persistent current on mesoscopic rings threaded by a magnetic flux is particularly a sensitive probe for such coherence. Thus persistent electrical current in mesoscopic ring has been well studied experimentally [1] [2] [3] and theoretically [4] [5] [6] [7] . Owning to recent interests in the spin-based electronics [8] , the study on spin current becomes a remarkable topic [9] [10] [11] [12] [13] . Persistent spin current in the ferromagnetic Heisenberg ring was shown to occur in the presence of crown-shaped magnetic field [14] . It can also be driven by inhomogeneous electric fields [15] due to the Aharonov-Casher effect [16] . On the basis of spin-wave approach, the spin current in antiferromagnetic Heisenberg ring in inhomogeneous magnetic field has been investigated very recently [17] . It is well known that the electrical persistent current is a topological current induced by magnetic flux, U(1) flux. However, as far as we are aware, there is no thorough discussion on the persistent spin current in the anisotropic Heisenberg model brought about by a SU(2) flux.
In this paper, we study an anisotropic Heisenberg rings (XXZ model) penetrated by SU(2) flux. In Section 2, we apply the Schwinger-Boson approach to study the model. In Section 3 we calculate the excitation spectrum and evaluate the ground-state energy and energy gap. In Section 4, we evaluate the persistent spin current and discuss the effects caused by the anisotropy in the model. In Section 5, we give a summary of our main results.
Schwinger-Boson approach
We consider a spin ring with anisotropy penetrated by SU(2) flux [18] :
where s AE j denote the spin-flipping operators, s z j the z component of spin operators, f ¼ F=F 0 with F and F 0 ð¼ hc=eÞ the SU(2) flux and the flux quanta, respectively and N the lattice number. Anisotropy is characterized by the parameter D. It is known that Do À 1 corresponds to the ferromagnetic regime and À1oD the anti-ferromagnetic regime. Unlike U(1) flux which is spin independent, the SU(2) flux appearing in Eq. (1) which is obtained by making a gauge transformation with opposite sign for spin-up and spin-down particles, respectively. It can be regarded as an extension of magnetic flux of Maxwell field to Yang-Mills field. The latter has been applied to formulate [12] the Rashba spin-orbit coupling which occurs in certain semiconductors. The Hamiltonian (1) with an additional constant Zeeman term can be mapped into an effect spin model with a rotating magnetic field [19] . The presence of a constant magnetic field was shown to shift the ground state [20] .
In terms of Schwinger-Boson operators a j and b j which satisfy the Bose commutation relations ½a i ; a y j ¼ d ij and ½a i ; b j ¼ 0, the spin operators are given by
with a local constraint at every site j given by a 
To fulfill the constraint, we need to introduce a Lagrangian-multiplier field l i . Then a generalized Hamiltonian is obtained:
where
. The isotropy limits D ¼ AE1 (i.e., anti-and ferromagnetic cases) without flux were considered in Ref. [21] . At the mean-field level, we can take the average value of the multiplier field hl i i ¼ l and make the bond operators hA y j;jþ1 i ¼ A Ã and hB y j;jþ1 i ¼ B Ã uniform and static. We hence obtain the mean-field Hamiltonian:
By making use of a Fourier transform a j ¼ P k a k expðikr j Þ where the summation k runs over the first Brillouin zone, a four-component spinor
can be introduced. We can write the mean-field Hamiltonian into a compact form in the momentum space:
The Hermitian property of the Hamiltonian (7) enables us to obtain that A ¼ A Ã . Using a Bogoliubov transformation given by the following transformation matrix T:
we transform the original Bose operators fa 
Then the Hamiltonian is diagonalized:
where the quasi-particle spectrum is
Thus the free energy is obtained
where b ¼ 1=k B T with k B the Boltzmann constant and T the temperature. The mean-field self-consistent equations are obtained by minimizing the free energy, i.e., df =dA ¼ 0, df =dB ¼ 0, df =dl ¼ 0, then the saddle-point equations are given by
which determine the parameters A, B and the Lagrange multiplier (chemical potential) l in Eqs. (11) and (12) . These saddle point equations can be solved numerically.
The ground-state energy and energy gap
We consider S ¼ 1 at T ¼ 0 K with N ¼ 50 sites. At zero temperature, the ground-state (GS) energy equals the free energy because there is no thermal fluctuation. When
. Thus in the first term of the free-energy equation (12) , lnð2 sinh b 2 o k;f Þ reduces to o k;f and the free energy (i.e., ground-state energy per site at T ¼ 0) becomes
We plot the ground-state energy per site versus y (here we set f=N ¼ y) for D ¼ 0:9 in Fig. 1 (the left figure) . Apparently, the ground-state energy has a sharp cusp at y=2p ¼ AE0:5 whose magnitude is À0:9626, which is higher than average value of the energy gap. The height of cusp peak raises while D decreases, which is shown in the Fig. 1  (the right figure) . In other words, the more anisotropy of spin chain, the sharper cusp in the curve.
We calculate the energy gap (EG) of the first excited state over the ground state. Unlike the usual case, the energy gap is not at k ¼ 0 due to the presence of the external SU(2) flux. This implies that the magnitude of the gap changes with the flux accordingly, which is shown in Fig. 2 . Clearly, k undergoes a jump at y=2p ¼ AE0:5. Fig. 3 shows the excitation-energy gap versus the magnetic flux. The gap descends as the flux goes to y=2p ¼ AE0:5, but rebounds when it is very close to y=2p ¼ AE0:5 and reaches the maximum at y=2p ¼ AE0:5.
Persistent spin current
We have previously obtained the ground-state energy and excitation spectrum whose values are determined by Eqs. (13) . Now we are in the position to evaluate the persistent current at zero temperature ðT ¼ 0 KÞ which is defined by
ARTICLE IN PRESS where E GS ðfÞ is the ground-state energy Eq. (14) . The charge current I c is null in our model for the particle is fixed on each site. However, the pure persistent spin current in the ring can be deduced by the SU(2) flux. We plot numerical calculation of Eq. (15) in Fig. 4(a) . The jumps in the spin current curve occur at y=2p ¼ AE0:5 for various D. We found that the anisotropy D will enhance the persistent spin current, which is shown in (b) of Fig. 4 . As a result, the spin current in XY limit is larger than in Heisenberg limit. Fig. 5 exhibits that the energy gap decreases while persistent current increases. If the energy gap is larger, the spin flipping that contributes to spin current is prevented better.
Summary and discussion
Using Schwinger-Bonson mean-field approach, we have investigated the property of ground-state and energy gap for the anisotropy spin ring penetrated by SU(2) flux. In the curve of energy versus flux (Fig. 1) , there is a cusp at y=2p ¼ AE0:5 and the energy reaches a maximum. The excitation-energy gap drops drastically nearby y=2p ¼ AE0:5 but rebounds to maxima at y=2p ¼ AE0:5. This implies that the energy curve of the first excited state has a similar shape as Fig. 1 and is tangent to the curve of the ground state near the point y ¼ AE0:5. We calculated the pure persistent spin current and found that the flux dependence of persistent spin currents is facilitated by the anisotropy parameter D which promotes the persistent spin current, which is consistent with the conclusion of Ref. [19] by means of Bose-field approach. We also found that the peak of spin current appears at the minimal value of excitation gap. To justify the validity of mean-field approximation, we evaluated the aforementioned quantities by means of exact diagonalization of which all the features are qualitatively in agreement with our mean-field approach obtained in this paper. 
ARTICLE IN PRESS

